This paper introduces wavelet analysis as a tool for investigating the anchoring of inflation expectations in the United States. We show that the anchoring of inflation expectations varies for different groups of economic agents and changes across time and frequency. For consumers, we confirm significant lead-lag relationships between short-and long-term inflation expectations at medium frequencies of one to four years of scale, thus suggesting that short-term inflation expectations had fed into long-term inflation expectations over the crisis period. However, no such relationship is found for professional forecasters. These results indicate that long-term inflation expectations were de-anchored during the crisis period for consumers but not for professional forecasters. Although consumers' long-term inflation expectations have been re-anchored since 2014 at medium frequencies, we find signs of de-anchoring at higher time scales of approximately eight years.
Introduction
Long-term inflation expectations are closely monitored by financial markets and are used as an indicator of the credibility of a central bank (Yellen, 2015) . Anchoring inflation expectations at a level compatible with the central bank's inflation target is of particular importance for economic stability. However, the debate over the (de-)anchoring of inflation expectations in the United States (U.S.) is mired in controversy by the outbreak of the financial crisis in 2008. Results ranging from perfect anchoring to de-anchoring present in empirical studies (e.g., Autrup & Grothe, 2014; Strohsal & Winkelmann, 2015) . This article provides new empirical evidence regarding the anchoring of inflation expectations in the U.S. from a time-frequency viewpoint.
Transitory economic developments with no implications for the long run may affect short-term but not well-anchored long-term inflation expectations. There is evidence that short-term inflation expectations significantly respond to economic surprises stirred by the macroeconomic news (Autrup & Grothe, 2014) . Thus, in the empirical literature, the pass-through criterion of Jochmann, Koop and Potter (2010) and Gefang, Koop and Potter (2012) defines inflation expectations as anchored if longer-term expectations do not respond to changes in shorter-term expectations. Another criterion, i.e., the news regression approach, exploits the idea that anchored inflation expectations should be insensitive to economic news (Beechey & Wright, 2009; Levin, Natalucci & Piger, 2004) . For the U.S., recent contributions focus on whether macroeconomic news affects long-term inflation expectations. For example, Galati, Poelhekke and Zhou (2011) and Autrup and Grothe (2014) suggest a deanchoring of inflation expectations after the outbreak of the financial crisis. By contrast, Strohsal and Winkelmann (2015) argue no crisis-related effect. They conclude that inflation expectations were well-anchored before and after the financial crisis. According to the results of multiple endogenous break tests provided by Nautz and Strohsal (2015) , inflation expectations have not been re-anchored ever since in the U.S. Nevertheless, news-regressions investigate the anchoring of inflation expectations in a very short run, thus making the results tend to exaggerate the degree of deanchoring if the estimated response to news actually dies out quickly (Nautz, Net sunajev & Strohsal, 2016) . This paper studies whether short-term inflation expectations feed into long-term inflation expectations from a time-frequency view and contributes to the previous literature as follows.
First, we consider possible changes in the anchoring of inflation expectations in time and frequency domains. Although there is clear evidence supporting a timevarying anchoring of inflation expectations, most previous empirical studies assume an intrinsically constant degree of anchoring, e.g., Beechey, Johannsen and Levin (2011) . A time-varying anchoring of inflation expectations is estimated in certain studies through regime-dependent constant parameter models (Nautz, Pagenhardt & Strohsal, 2017) and time-varying parameter models (Demertzis, Marcellino & Viegi, 2012; Strohsal, Melnick & Nautz, 2016) . Nevertheless, the possibility that the linkage between short-and long-term inflation expectations changes across frequency bands or, loosely speaking, 'time intervals' is rarely discussed. The effect of the crisisrelated uncertainty on inflation expectations is undetermined. The quantitative easing (QE) programmes in 2008 and 2010 provided additional liquidities and might have led to increases in short-term inflation expectations. By contrast, the low and even negative inflation rates in approximately 2008 might have induced a deflationary spiral and thus triggered downward inflation expectations in short and long time horizons. However, the pattern and duration of such effects on inflation expectations with different time horizons are undetermined. Consequently, the transitions from short-term to long-term inflation expectations may emerge over certain time intervals but not in others. Previous studies focus on the dynamic changes of relationships between short-and long-term inflation expectations but do not consider differences through time intervals. Thus, the frequency is of importance to access the strength of the degree of anchoring over different time intervals and how such strength has evolved over time, capturing the possible dynamic changes in the relationship.
Second, we study inflation expectations of different groups of economic agents. Theoretically, inflation expectations of firms are important, as firms are price setters. Limited by data availability, consumers' inflation expectations have been used to proxy firms' expectations (e.g., Coibion & Gorodnichenko, 2015) . Related to consumption, saving, and wage bargaining behaviors, consumers' inflation expectations are important themselves. Professional forecasts of experts are viewed as a proxy for the rational expectation, which is used in many theoretical analyses (Xu, Chang, Lobonţ & Su, 2016) . Meanwhile, experts and consumers have heterogeneous expectation updating frequencies (Xu, Liu, Jia & Su, 2017) , thus making the linkage between short-and long-term inflation expectations diverge from one another. To the best of our knowledge, no officially published article considers both groups of agents in the U.S. in assessing the anchoring of inflation expectations. We provide a more complete picture of the anchoring of inflation expectations by comparing the results of consumers and professional forecasters.
Our results confirm that consumers' long-term inflation expectations were deanchored for the financial crisis period at the frequency of one to four years of scale but re-anchored after 2014 at the same frequencies. We show the possibility that consumers' long-term inflation expectations have been de-anchored after 2006 at time scales higher than eight years. For professional forecasters, we find no evidence supporting that short-term inflation expectations have fed into long-term inflation expectations, thus implying a well-anchored long-term inflation expectation. The anchoring of long-term inflation expectations is used as an indicator of the credibility of a central bank and its ability to effectively maintain price stability (Aceda nski & Włodarczyk, 2016; Moessner, 2015; Nautz et al., 2017) . Thereby, our findings indicate that the degree to which monetary policy is able to condition inflation expectations changes across time and frequencies and varies for different groups of economic agents. This may to a certain degree explain contradictory findings based on different time intervals and agents as reported in previous empirical studies.
The rest of the paper is organised as follows. Section 2 is a literature review. Section 3 introduces the methodology in measuring the relationship between shortand long-term inflation expectations. Section 4 presents the data. Section 5 investigates the anchoring of long-term inflation expectations, and Section 6 summarises the paper.
Literature review
In monetary policy practice and academic studies, if deviations from an inflation target are sufficiently small and short-lived, inflation expectations are seen as well anchored (Mehrotra & Yetman, 2014; Strohsal & Winkelmann, 2015) . The empirical literature regarding the anchoring of inflation expectations is divided into two groups. The first strand of literature focuses on the news regression approach which is based on the idea that anchored inflation expectations should be insensitive to economic news (Beechey & Wright, 2009; G€ urkaynak, Levin, Marder & Swanson, 2007) . The second strand of literature uses the pass-through criterion of Jochmann et al. (2010) and Gefang et al. (2012) , which defines inflation expectations as anchored if longerterm expectations do not respond to changes in shorter-term expectations.
If inflation expectations remain unaffected by the macroeconomic news, economic agents trust the central bank's ability to maintain price stability. Recent empirical contributions suggest that, compared with countries with explicit inflation targets, inflation expectations are less anchored in the case of the U.S. For instance, G€ urkaynak et al. (2007) investigate the extent of long-run inflation expectations anchoring in Canada and Chile, both explicit inflation targeters, and that in the U.S., which has no such explicit inflation target. By examining the sensitivity of far-ahead forward inflation compensations to macroeconomic data releases and monetary policy announcements, they find that the degree of anchoring in the U.S. is weaker than that in Canada and Chile. Gurlaynak, Levin and Swanson (2010) compare the anchoring of inflation expectations in the United Kingdom (U.K.), Sweden, and the U.S. through similar methods. They find that, since 1997, when the Bank of England (BOE) became independent, inflation expectations have been better anchored than before with the responsiveness of inflation expectations to news strongly decreased. As with prior research, they conclude that the anchoring of inflation expectations in the U.S. is weaker than that in the U.K. (after 1997) and Sweden, thus showing that a well-known and credible inflation target helps to anchor the private sector's long-run inflation outcomes. Using pre-crisis data, Beechey et al. (2011) propose that longterm inflation expectations display systematic sensitivity to economic surprises in the U.S. but not in the euro area. Thus, the inflation targeting policy and the elaborated communication strategy of the European Central Bank (ECB) may have contributed to the anchoring of inflation expectations in the euro area. Moessner (2015) finds that the ECB's balance sheet policy announcements in the wake of the financial crisis have weak effects on long-term inflation expectations.
Changes in the anchoring of inflation expectations over time are demonstrated in the literature. Galati et al. (2011) use structural break tests to investigate the sensitivity of long-term expectations to news regarding inflation and additional domestic macroeconomic variables. Whereas there are crisis-related breaks in the news regressions for the U.S., the U.K., and the euro area, inflation expectations in the euro area remain well-anchored in the aftermath of the Lehman breakdown. However, inflation expectations in the U.S. become less firmly anchored during the crisis. The results of time-varying event study regressions in Scharnagl and Stapf (2015) suggest that the reaction of inflation expectations to news for monetary policy announcements and macro variables ceases to be significant in 2011 and shows no increase since then. Ehrmann (2015) estimates the relationship between the revision in the inflation expectation and the surprise component contained in news releases. According to the results, short-term inflation expectations (expectation for the next calendar year) are responsive to news, thus meaning that inflation expectations are not well anchored regardless of the inflation targeting policy. Meanwhile, the researcher finds that under (persistently) low inflation, the responsiveness seems to be muted, which suggests a better anchoring of inflation expectations under these circumstances. Nautz and Strohsal (2015) introduce news regressions with multiple endogenous breaks to investigate the de-and re-anchoring of inflation expectations in the U.S. They confirm the de-anchoring of inflation expectations driven by the outbreak of the crisis and indicate that inflation expectations have not been re-anchored ever since. Nautz et al. (2016) adopt the structural VAR analysis and show that the long-term consumers' inflation expectations are anchored because macro-news shocks are long-run neutral in the U.S. Their findings indicate that the recent decline in long-term inflation expectations can be attributed to downward adjustments of consumers' expectations regarding the central bank's inflation target rather than a result of the de-anchoring of inflation expectations. Following Nautz and Strohsal (2015) , Nautz et al. (2017) apply multiple endogenous break point tests to examine the de-anchoring and reanchoring of inflation expectations in the euro area. The empirical results show that the sensitivity of euro area inflation expectations to the macroeconomic news is weak before September 2011. However, inflation expectations have been de-anchored ever since. Fracasso and Probo (2017) specify a structural break at December 2011 in the long-term inflation expectation in the euro area. They confirm that long-term inflation expectations have been de-anchored since December 2011 and never reversed by testing whether inflation expectations have become sensitive to the arrival of economic news.
The pass-through criterion of Jochmann et al. (2010) tests the extent to which news-driven short-term inflation expectations feed into long-term expectations. Jochmann et al., (2010) use daily data on inflation compensation derived from the term structure of real and nominal interest rates and estimate the pass-through coefficient between short-and long-term inflation expectations. They provide evidence that the coefficients are not constant but small, thus indicating that the long-term inflation expectations are contained rather than well-anchored. Cecchetti, Natoli and Sigalotti (2015) measure tail co-movement of short-and long-term inflation expectations based on the theory of copulas and the non-parametric TailCor indexes. They find that, since mid-2014, negative tail events impacting short-term inflation expectations have been increasingly channelled to long-term views, thereby signalling a de-anchoring of long-term inflation expectations in the euro area. Strohsal and Winkelmann (2015) propose an exponential smooth transition autoregressive (ESTAR) model to analyse the anchoring of inflation expectations in the U.S., European Monetary Union (EMU), the U.K., and Sweden. Results based on daily financial market expectations suggest that the degree of anchoring varies substantially across countries and expectations' horizons. Their results show that shorter-term expectations are better anchored than longer-term expectations and expectations are best anchored in the EMU, followed by the U.S., Sweden, and the U.K. A comparison of a pre-crisis sample and a crisis period (September 2008-February 2011) in the U.S. shows that the anchoring of shorter-term inflation expectations (five years) decreases but increases for longer-term (ten years). Even so, inflation expectations remain well-anchored for the crisis period. Strohsal et al. (2016) introduce an encompassing time-varying parameter model to analyse the relationships among short-and long-term inflation expectations and lagged inflation in the U.S. They document that long-term inflation expectations respond to short-term expectations and not to lagged inflation. Furthermore, long-term inflation expectations have been partially de-anchored during the financial crisis period but successfully re-anchored ever since. Łyziak and Paloviita (2017) examine the time-varying anchoring of survey-based inflation expectations of consumers and professional forecasters in the euro area. The results indicate that longer-term inflation expectations are more sensitive to shorter-term inflation expectations and actual inflation over the post-crisis period.
Recently, central banks such as the central bank of Sweden declared the implementation of inflation forecast targeting (IFT) which includes the macroeconomic forecast of central banks as an input of the deliberations and monetary policy adjustments (Tura-Gawron, 2017). As an important information source, professional forecasters' inflation expectation is likely to be considered in central banks' decision making procedure and thus affects consumers' inflation expectations. The IFT influences consumers' and professional forecasters' inflation expectations indirectly and directly, respectively (Szyszko, 2017) . The decision-making procedure of central banks is nontransparent. Therefore, the anchoring of inflation expectations tend to be different for consumers and professional forecasters.
So far, approaches in the empirical literature accounting for time-varying anchoring are based on regime-dependent constant parameter models (Autrup & Grothe, 2014; Galati et al., 2011) , multiple endogenous break point tests (Nautz & Strohsal, 2015) or time-varying parameter methods . The difference across time intervals, or specifically, frequencies is rarely considered. As discussed in the introduction, information shocks such as financial crisis in 2008 and QE programmes may exert different effects on short-and long-term inflation expectations from duration and strength. As a consequence, instantaneous and long-run changes in shortand long-term inflation expectations may evolve in different time intervals, thereby making the linkage between them vary across frequencies. Following the literature that analyses inflation dynamics and other key macroeconomic variables considering the effects of time and frequency, we adopt the wavelet analysis to assess the strength of co-movements between short-and long-term inflation expectations over different time intervals and how such relationship evolve over time.
Compared with those standard economic tools used in the literature, the wavelet analysis reveals certain complex patterns of time series and corresponding relationships. For instance, Kim and In (2005) and Durai and Bhaduri (2009) use the wavelet analysis to investigate the relationship between inflation and stock returns. Their results show that time-frequency decomposition using wavelet analysis provides a valuable mean of testing the time-changing relationship between inflation and stock returns. They document that such relationships are different across short, intermediate, and long term scales. The wavelet analysis is widely accepted in researching the relationship between economic variables because they show significantly different properties across frequencies. For instance, the relationship between money growth and inflation, stock returns and economic activity, inflation and unemployment, money and output, social network sentiments and stock returns, and the business cycle synchronisation across different countries (Caraiani, 2012; Gallegati, 2008; Gallegati, Gallegati, Ramsey & Semmler, 2011; Jiang, Chang & Li, 2015; Soares, 2011; Xu, Liu, Zhao & Su, 2017) . Recently, Xu, Liu and Ortiz (2018) examined the correlation between actual and expected inflation in the U.S. through the wavelet coherence analysis. They document time-varying powers of actual and expected inflation at different frequencies and suggest a more robust lead-lag linkage between them at frequencies longer than four years of scale than short to medium term ones. Therefore, these studies suggest that the wavelet analysis is a proper method to analyse topics regarding inflation expectations which contain varying power across frequencies.
Methodology
This paper adopts the continuous wavelet analysis to investigate the dynamic relationship between short-and long-term inflation expectations. The continuous wavelet analysis is useful in exploring the correlation and lead-lag relationship between two time series. It expands the time series into a time-frequency space and assesses whether the relationship evolves with time and how it varies across frequencies. Furthermore, the continuous wavelet analysis is useful for processing non-stationary time series (Aguiar-Conraria & Soares, 2014; Grinsted, Moore & Jevrejeva, 2004) .
The Wavelet Transform uses local base functions to decompose and superpose information and studies the time-frequency content of a signal. Local base functions can be stretched and translated with a flexible resolution in scale (frequency) and time domains. We can characterise a wavelet by how localised it is in time (Dt) and frequency (Df or the bandwidth). When the bandwidth narrows, we assess low scales (high frequencies) and the time resolution adjusts to the frequency intrinsically. When the bandwidth widens, we focus on high scales (low frequencies). Consequently, the original signal is transformed into a two-dimensional plane of time-frequency (or time-scale). The Continuous Wavelet Transform (CWT) of a time series can be defined as follows:
where w s;s Ã t ð Þ means the complex conjugate of the basis wavelet w s;s t ð Þ, which is oscillatory and of finite length. Thus, the Wavelet Transform decomposes the time series x t ð Þ based on certain basis wavelets that can be obtained by translation and dilation of a mother wavelet w t ð Þ.
where s denotes the translation parameter, and s indicates the scale parameter. The translation parameter determines the time position, and the dilation parameter is related to the width of the wavelet. The relationship between scale (s) and frequency (f) is simply f % 1=s, which indicates that the wavelet scale is inversely related to the frequency. For s < 1 the wavelet is compressed and generates low scales which captures changes at high frequencies.
For s ¼ 1 the wavelet is the same as the mother wavelet. For s > 1 the wavelet is stretched and shows high scales which captures features at low frequencies.
Three criteria are necessary for a mother wavelet. First, Ð þ1 À1 w t ð Þdt ¼ 0, indicating that the mean of a wavelet must be zero. Secondly, Ð þ1 À1 w 2 t ð Þdt ¼ 1, meaning that the wavelet' square integrated to unity. Finally, 0 < Ð þ1 À1ŵ x ð Þ 2 =xdx < þ1, i.e., the admissibility condition.ŵ x ð Þ ¼ Ð þ1 À1 w t ð Þe Àixs dt, denoting the Fourier transform of the wavelet. The following Morlet wavelet is commonly used in the literature:
The Morlet wavelet is a complex sine wave within a Gaussian envelope. In Equation (3), p À1=4 denotes the normalisation factor which ensures a unit energy of the wavelet function, and e Àx 0 2 =2 ensures the admissibility condition. The wavenumber of x 0 determines the oscillations within the Gaussian envelope and affects the tradeoff between time and frequency (scale) localisation. For an increase in x 0 the frequency localisation is better and the time localisation is poorer. To balance time and frequency resolution, x 0 is usually set to 6 (Rua, 2012) . Meanwhile, as used in the literature, for x 0 > 5 we can ignore the small value of e Àx 0 2 =2 (Wang, Zhu & Dou, 2012) . Hence, we get the following Morlet wavelet: (Hudgins, Friehe & Mayer, 1993) . Therefore, the covariance of two time series is expanded into a time-frequency plane. Furthermore, the wavelet coherency coefficient which measures the strength of the relationship between xðtÞ and yðtÞ is as follows:
where Sð:Þ is a smooth factor and s À1 converts to an energy density (Torrence & Webster, 1999 where P x f and P y f are the background spectra of xðtÞ and yðtÞ under the v ð2Þ 2 distribution. The rejection of the null hypothesis H 0 indicates that these two time series are correlated under the significance of 5%.
While the wavelet coherency can be used to test whether two time series have significant relationships, the value of it is positive, thus cannot distinguish between positive and negative correlations. The wavelet phase difference between two time series is thus computed to capture the lead-lag relationship between two variables.
where I and R are the imaginary and real components of the cross-wavelet transform W xy s; s ð Þ , respectively. The wavelet phase difference allows for the assessment of the lead-lag relationships in time and frequency domains. Graphically, we use arrows to represent phase differences. For / s; s ð Þ ¼ 0, the two time series are fully synchronised and the arrow at specific time and scale points to the right. Similarly, if the arrow points to the left, the variables are in the anti-phase, implying a negative relationship. For the lead-lag relationship, an arrow pointing up (down) denotes that yðtÞ leads xðtÞ (vice versa). The relationship between two variables is usually a combination of the two.
Data
In the case of consumers, we consider inflation expectations covering the period of 1990/04 to 2017/03 (monthly data), which includes the financial crisis and the current low inflation regime. The Survey of Consumer Attitudes and Behavior conducted by the University of Michigan Survey Research Center provides a unique set of monthly data on one-year ahead (short-term) and 5-10 years ahead (long-term) annual inflation expectations . Because of the increased economic uncertainty and unconventional monetary policy measures implemented since the Lehman Brothers collapse, we pay special attention to possible changes in anchoring inflation expectations over the last few years. Thus, in the case of professional forecasters, we use data from 2005/Q3-2017/Q1 (quarterly data) provided by the Survey of Professional Forecasters (SPF). The SPF provides one-year ahead, five-year ahead, and ten-year ahead annual inflation expectations of professional forecasters. The 5-10 years ahead inflation expectation p e tþ5;tþ10 can thus be obtained as follows:
1 þ p e t;tþ10
Figure 1 presents short-term (one-year ahead) and long-term (5-10 years ahead) inflation expectations of consumers and professional forecasters. It can be observed that consumers' short-and long-term inflation expectations are above the implied inflation target of 2.0%. The distance of professional forecasters' long-term inflation expectations to the implicit inflation target is moderately smaller compared with consumers. For both groups, short-term inflation expectations appear to be more fluctuating than long-term inflation expectations, particularly during the financial crisis period of 2008/09-2011/02 (Strohsal & Winkelmann, 2015) . In recent years the U.S. has experienced widely differing inflation episodes: relatively stable price developments in the pre-crisis years, highly volatile inflation rates since the financial crisis and currently a comparative low inflation regime. As with the movement of inflation rates, short-term inflation expectations of both groups exhibit sharp 'ups and downs' during the crisis period and are at comparatively low levels in recent years. Longterm inflation expectations remain relatively stable, particularly for professional forecasters. The impact of financial crisis on the relationship between short-and longterm inflation expectations can be observed. Marginally declining trends of long-term inflation expectations appear in recent years, implying the possibility of de-anchoring.
Among its responsibilities, maintaining price stability is one of the most important mandates for the Federal Reserve Bank (FRB). Central bank credibility can be gained, but it also can be lost (Nautz et al., 2017) . Consequently, the degree of anchoring of inflation expectations is likely to change over time. Damaged by the financial crisis, consumers' and professional forecasters' short-term inflation expectations in approximately 2008 dropped to the lowest level after 1979. In response to the financial crisis, the central bank adopted unprecedented easing monetary policies that attempt to boost the economy (Xu et al., 2016) . The FRB does not publish an official inflation target but is nevertheless able to communicate the level of long-term inflation objective to the markets . Since 2012, the FRB's implicit inflation target has been clearly communicated via the publication with the reported value of the long-run inflation rate being 2%. Sharp changes in monetary policies and inflation expectations in recent decades raise the question of how the degree of anchoring of inflation expectations has evolved over time, particularly since the onset of the financial crisis. on the horizontal and vertical axes, respectively. We categorise scales of lower than one year as high frequency, those between one year to four years as medium frequency, and those higher than four years as low frequency. The wavelet power spectrum measures the local variance of a variable. The black contour areas represent that the wavelet power spectra of certain variable are statistically significant at the 5% level. A high power value is represented by a highlighted red area, suggesting that the spectral energy is high, and vice versa. The high power areas indicate impulses from events, showing that the variable fluctuates significantly. The cones formed with bold black lines bending upward denote the Cones of Influence (COI), which represent the boundary conditions of the Morlet Wavelet Transform. The CWT assumes that the data are circulatory, thus making certain bias at the beginning and end of the sample period regarding finite-length time series. Thereby, outer regions of the COI indicate that fluctuations of variables are sensitive to the edge effect. The wavelet power spectra provide a first assessment of the individual behaviour of data in a time and frequency varying framework. Figure 2 shows that movements of short-term inflation expectations fluctuate across time and frequency (scale) domains. The wavelet power spectrum of consumers' short-term inflation expectations shows that this variable fluctuates significantly from 2001 to 2002 and from 2005 to 2006 in less than one year of scale, and from 2007 to 2011 at medium scales. Analogously, professional forecasters' short-term inflation expectations exhibit significant fluctuations from 2007 to 2011 at low and medium scales. Significant variances of short-term inflation expectations appear mainly over the financial crisis period at medium scales. As noted in Łyziak and Paloviita (2017) , a credible central bank can affect short-and medium-term inflation expectations through its decisions and communications but maintain long-term inflation expectations anchored. Thereby, dynamic movements of short-term inflation expectations do not necessarily imply weak credibility of the central bank's target and a de-anchoring of long-term inflation expectations. Nevertheless, the wavelet power spectrum indicates the possibility that fluctuating short-term inflation expectations may feed into long-term inflation expectations over the crisis period, particularly at medium time scales.
Empirical results

Morlet wavelet power spectra of inflation expectations
In the case of long-term inflation expectations, Figure 2 suggests that the local variance at each scale remains insignificant over most of the sample period, except for the period of 1992-1994 for consumers and in approximately 2011 for professional forecasters. Specifically, no significant fluctuation at medium and high scales is observed, indicating that, for consumers and professional forecasters, long-term inflation expectations are stable in the frequency band of higher than one year of scale. If the implicit inflation target maintains unchanged, Figure 2 indicates that the distance of consumers' long-term inflation expectations to it remains stable over the financial crisis period. By contrast, such distance for professional forecasters changes from 2010 to 2012. Inflation expectations are well anchored if their distance to a more or less explicit inflation target is sufficiently small (Mehrotra & Yetman, 2014; Strohsal & Winkelmann, 2015) . There is no explicit inflation target in the U.S. until 2012, when the FRB implicated an inflation target of 2% to the public. Thereby, whether the real inflation target maintains unchanged in the past decades is unknown. Consequently, insignificant changes in the long-term inflation expectation do not necessarily imply that it was well-anchored for past years. If the implied inflation target before 2012 was dynamic, long-term inflation expectations could be dis-anchored when their distance to the real inflation target is not sufficiently small. To capture the anchoring of inflation expectations, we apply another criterion that well-anchored long-term inflation expectations should not respond to changes in short-term inflation expectations . According to this criterion, we proceed to estimate the wavelet coherence coefficient and phase difference to research whether short-term inflation expectations have fed into long-term inflation expectations during past decades.
Coherence analysis
The wavelet coherency coefficient and phase difference measure the local strength of the co-movement and lead-lag relationship between two indices over time and across frequencies. Figures 3 and 4 show the Morlet wavelet coherence spectra of inflation expectations of consumers and professional forecasters, respectively. The colour code for coherency coefficient ranges from blue corresponding to low coherency (close to zero) to red corresponding to high coherency (close to one). The thick black contour denotes the 5% significance level of the wavelet coherency coefficient. The critical values are estimated from a Monte Carlo simulation between 10,000 sets of two white noise time series with the same length studied in this paper. Within the designated areas the time series are significantly correlated at the 5% significance level. Analogously, there is a COI in the cross-spectral power, representing the boundary conditions. The arrows imply phase differences between series as defined in Equation (8). Through Figures 3 and 4 , we can identify both frequency bands (in the vertical axis) and time domains (in the horizontal axis) where the two indices move together. Moreover, we can explain the extent of the correlation between them across time and frequencies (scales). Figure 3 suggests that in the frequency band of lower than one year of scale, consumers' short-and long-term inflation expectations present short-lived and discontinuous linkages during the period of 2000-2012 when the wavelet correlation coefficient between them is close to one. Most arrows point to the northeast, representing that the phase difference between consumers' short-and long-term inflation expectations is between 0 and p=2. The phase difference suggests that consumers' long-term inflation expectations lead short-term inflation expectations positively. The co-movements across medium scales are more persistent and stronger than that in lower scales. As shown in Figure 3 , significant wavelet correlation coefficients appear during the periods of 1993-1995 and 2001-2013, suggesting positive relationships between short-and long-term inflation expectations, with the correlation coefficient larger than 0.8. Long-term inflation expectations in the U.S. appear to have remained stable since the late 1990s as shown in Figure 2 . The reason for that stability is open to debate, but the FRB's actions to maintain inflation at relatively low and stable rates for three decades are an important part of the explanation. According to Xu et al. (2018) , the actual inflation exerts robust effects on consumers' short-term inflation expectations at the frequency higher than two years of scale before 2011. The effect of actual inflation on short-term inflation expectations appears to have transited to long-term inflation expectations and thus resulted in the de-anchoring of long-term inflation expectations.
Before 2009, most arrows point to the southeast, representing that the phase difference between short-and long-term inflation expectations is between 0 and Àp=2, thus showing that short-term inflation expectations lead long-term inflation expectations positively. However, from 2009 to 2013, there are certain arrows pointing to the northeast in the frequency band of approximately two years of scale, which means that long-term inflation expectations lead short-term inflation expectations. In estimating the transition speed of inflation expectations towards the inflation target, Strohsal and Winkelmann (2015) demonstrate that the transition speed decreases at the three-year expectation horizon but increases at the ten-year horizon. In other words, compared with longer-term inflation expectations, shorter-term inflation expectations revise more slowly to the inflation target in recent years. This may to a certain extent explain the change in the lead-lag relationships between consumers' short-and long-term inflation expectations. Similar to the crisis period, the deanchoring of long-term inflation expectations is additionally observed in the period of 1993-1995, during which the U.S. was in turbulent times with the volatility of inflation expectations being high . For high scales, relatively stable relationships emerge before 1997 and after 2006, with arrows pointing to the southeast. Thus, for long-run relationships, short-term inflation expectations lead long-term inflation expectations positively. The result that long-term inflation expectations are not firmly anchored over the crisis period agrees with certain literature (Galati et al., 2011 , Autrup & Grothe, 2014 . In the short run, however, the disturbing impact of short-term inflation expectations on long-term inflation expectations should not be ignored, particularly in turbulent times.
For professional forecasters, anti-phase relationships are observed before 2011 at medium scales, meaning that short-and long-term inflation expectations are negatively related. The directions of arrows suggest that short-term inflation expectations lead long-term inflation expectations. The results are in line with Figure 1 in which professional forecasters' short-and long-term inflation expectations move in approximately opposite directions. However, no significant correlation coefficient between short-and long-term inflation expectations is found for professional forecasters over other periods. It is interesting to note that the regions of significant correlation coefficients are similar to those of significant local variances of short-term inflation expectations. Figures 2 and 4 suggest that movements of professional forecasters' long-term inflation expectations lead to fluctuations of short-term inflation expectations for the financial crisis period, rather than the reverse. The correlation coefficients before 2011 are significant, but the phase difference indicates that long-term inflation expectations lead short-term inflation expectations. In other words, no transition from short-term inflation expectations to long-term inflation expectations is observed. Thus, we can conclude that professional forecasters' long-term inflation expectations were firmly anchored for the crisis period and maintain anchored ever since. The result agrees with Beechey et al. (2011) , in which the recent history of professional forecasters' long-term inflation expectations in the U.S. paints a picture of reasonably well-anchored expectations.
Overall, from the perspective of time domain, the relationships between short-and long-term inflation expectations change over time for both consumers and professional forecasters. Whereas there is a time-varying anchoring of consumers' longterm inflation expectations, professional forecasters' long-term inflation expectations maintain well-anchored. Specifically, before 1997 and after 2001, consumers' shortterm inflation expectations exert positive effects on long-term inflation expectations. The results are in line with previous evidence provided by Gefang et al. (2012) and Antunes (2015) . Nevertheless, over other periods, no such linkage is observed, showing that consumers' long-term inflation expectations are well-anchored during these periods. Although short-and long-term inflation expectations of both groups show downward trends after 2014, no significant relationship is demonstrated between these two time series. The result is consistent with Nautz et al. (2016) , implying that the decrease in long-term inflation expectations observed in Figure 1 can be attributed to downward adjustments of consumers' expected or perceived inflation targets.
From the perspective of frequency domain, the de-anchoring of consumers' longterm inflation expectations is observed across various scales. In other words, consumers' short-term inflation expectations feed into long-term inflation expectations at different time scales. The de-anchoring of consumers' long-term inflation expectations appears relatively strong in the case of medium scales, which is within the often defined policy horizon of central banks of a period up to three years (Strohsal & Winkelmann, 2015) . A policy orientated interpretation of our finding may be that consumers expect an active role of policies against inflationary pressures at time scales of up to three years. Over a longer time scale, central banks' policies are expected to be neutral (Chen & Net sunajev, 2016; Nautz et al., 2016) , thus leading to the long-run revision of long-term inflation expectations towards the mean value. The long-term inflation expectations appear to have been re-anchored over the recent period at medium scales. There are significant correlations between consumers' shortand long-term inflation expectations after 2014. We cannot identify the result as a de-anchoring of long-term inflation expectations in recent years because they are outside the COI. However, it is still important to note that there is a possibility that long-term inflation expectations may have been de-anchored ever since the financial crisis in the long-run.
We demonstrate that the relationships between short-and long-term inflation expectations vary across frequencies and over time and are heterogeneous for different agents. The results indicate that the implicit anchoring for long-term inflation expectations decreased over the financial crisis period for consumers but not for professional forecasters. One possible reason is that the private sector is uncertain about the central bank's inflation object, thus making their long-term inflation expectations prone to the revision of short-term inflation expectations in response to economic news . The degree of anchoring professional forecasters' long-term inflation expectations is better than that of consumers. The central bank's ability to condition long-term inflation expectations differs among agents.
Conclusions
This article assesses the anchoring of long-term inflation expectations in the U.S. through the wavelet analysis, which is effective in capturing frequency and time-varying features within a unified framework. Economic time series shows different properties across frequencies and the relationship between two variables therefore changes across time scales. Stronger correlations are demonstrated at frequencies corresponding to periodicities of more than four years than at other frequencies between inflation and other variables such as money supply growth and inflation expectation (Assenmacher-Wesche, Gerlach, & Sekine, 2008; Assenmacher-Wesche & Gerlach, 2007 Xu et al., 2018) . We note that from this perspective there are significant lead-lag relationships between consumers' short-and long-term inflation expectations for the crisis period at medium frequency bands of one to four years of scale. We can conclude that the results based on wavelet analysis are consistent with earlier findings that the financial crisis has led to a significant reduction in the degree of anchoring of long-term inflation expectations for consumers but not for professional forecasters. Although that consumers' long-term inflation expectations are re-anchored after 2014 at medium frequencies, there are signs of deanchoring at higher time scales. An increasing sensitivity of long-term inflation expectations to short-term ones increases risks of de-anchoring, which means that inflationary or deflationary pressures may become self-fulfilling. No de-anchoring of long-term inflation expectations is found for professional forecasters across time and frequencies, thereby indicating that the central bank's credibility varies for different groups of economic agents. Given that the anchoring of inflation expectations changes across frequencies (scales), horizons of policies aiming to manage inflation and its expectations should be considered with caution. Meanwhile, possible risks of de-anchoring of inflation expectations need to be monitored continuously.
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